Polychlorinated biphenyls (PCBs) are carcinogenic to humans and can be found in Fuller's earth used for the regeneration of used transformer oil. This work describes a highly selective gas chromatographic-selected ion monitoring mass spectrometric method (GC-MS/SIM) for the simultaneous determination of three Aroclor PCB congener mixtures (1242, 1254, and 1260). The separation of the PCBs could be systematically varied by changing the temperature conditions of the chromatographic column. Methods were first selected from the literature, and the resolution of the PCBs was then optimized by adjusting k* (effective retention), α (selectivity), and N (column efficiency), enabling the detection of 83 PCBs in 35 min. The extract of PCBs from Fuller's earth was obtained by ultrasonication (employing hexane and acetone as solvents) and cleanup with Florisil and was concentrated to about 500 µL. The ions analyzed in SIM mode were divided into groups according to the similarity (m/z) of the PCB fragmentation profiles. The limits of detection (LOD) and quantification (LOQ) were 0.19 and 0.64 µg kg -1 , respectively. The method developed was used to determine the PCBs present in Fuller's earth provided by an electric power company. The mean total PCBs concentration was found 1.9 µg kg -1 in Fuller's earth.
Introduction
Polychlorinated biphenyls (PCBs) are compounds that generally consist of two phenyl groups with benzene rings that are bonded to chlorine atoms. 1 The compounds have log K ow (octanol-water partition coefficient) values in the region of 5-8, indicating a high degree of lipophilicity. 2 PCBs can be found in dielectric and coolant fluids, for example in electrical apparatus, cutting fluids used for machining operations, carbon paper, and heat transfer fluids. 3 The production of PCBs has been banned since the 1970s and 1980s. According to the Stockholm Convention, these substances are considered persistent organic pollutants (POPs) that can cause harm to the environment and human health. In order to control emissions of PCBs, all parties to the Stockholm Convention are obliged to stop using PCBs before 2025. 4 In order to achieve this goal, companies need to decontaminate their equipment and implement waste management strategies. 5 Fuller's earth is used for the regeneration of used transformer oil by adsorption of degradation products, so this material can also retain the PCBs. These compounds are highly persistent environmental contaminants originating from the improper disposal and storage of old electrical equipment. 6 In soils, PCBs may be present as mixtures, due to microbial degradation in the soil and other reactions that occur in biota. Screening for PCBs has been used to identify these mixtures in soil samples and other environmental matrices. 7 The compounds can be extracted from soil using nonpolar solvents such as n-hexane, dichloromethane, or a hexane/acetone mixture. The procedures may include ultrasonication, Soxhlet extraction, or microwave assistance. Sample cleanup is performed using columns of Florisil or silica/alumina. 8, 9 Soxhlet extraction can be combined with other methodologies involving heating and pressure. 10 The most useful techniques for the sensitive and selective determination of PCBs include gas chromatography (GC) with electron capture detection (ECD), as well as mass spectrometry (MS) detector. 11 The EPA 8270, 12 ASTM D4059, 13 and NBR 13882 14 methods specify gas chromatography with ECD or MS detection for the quantification of PCBs.
Adequate screening methodologies are essential in order to detect substances potentially toxic to humans and the environment, considering the list compiled by the Stockholm Convention. 15 The molecular structures of PCBs influence their toxicities to organisms. In particular, interaction of the flat molecule with two phenyl rings and the aryl hydrocarbon receptor leads to coplanar structures that can act more aggressively in organisms. 16 Other factors that influence toxicity include the number of aromatic rings and their positions, as well as the number of chlorine atoms in the PCB molecule (World Health Organization (WHO)). 17 The WHO has published a list of the PCBs and their toxic equivalency factors (TEFs). 17 Central composite, simplex, and factorial designs, together with response surface methodology, can be used in chemometric methods for the optimization of chromatographic conditions and improvement of PCB separation efficiency. 18, 19 However, these procedures require large numbers of experiments, are expensive, and require some knowledge of statistical software. The separation of PCBs can be systematically varied by changing the experimental conditions. In this work, the separation of 83 PCBs determined by GC-MS in selected ion mode (SIM) was optimized using three chromatographic parameters: k* (effective retention), α (selectivity), and N (column efficiency), which are directly related to the experimental conditions. 20, 21 The parameter k* is the average retention factor for two compounds, N is the column plate number, and α is the separation factor (α = k* 2 /k* 1 , where k* 1 and k* 2 are the values of k* for compound 1 and compound 2, respectively). Equation 1 is useful in method optimization, because it classifies the dozen or so experimental variables into three categories: effective retention (k*), selectivity (α), and column efficiency (N). 22 This simplifies the systematic variation of the conditions in order to achieve the desired separation. It is convenient to consider k*, N, and α as independent of each other, so that changes of each individual variable can be made without affecting the other two variables. 21 R s = 1/4 (α − 1)N 1/2 k*/(1 + k*) (1) where R s is the resolution. The objectives of this study were to optimize a chromatographic method (GC-MS/SIM) for the analysis of PCBs and to determine these compounds in a Fuller's earth sample provided by an electric power company.
Experimental

Chemicals and materials
The solvents (GC-grade n-hexane and acetone) were purchased from J.T. Baker (Xalostoc, Mexico). High-purity water was produced by a Millipore Milli-Q System (Waters, Midford, MA, USA). PCB analytical standards (Aroclors 1242, 1254, and 1260) and transformer oil (PCB-free) were obtained from Sigma-Aldrich (Milwaukee, USA), all with purity higher than 99%. DB-5MS (30 m × 0.25 mm × 0.25 µm) and Supelco WAX (30 m × 0.25 mm × 0.25 µm) chromatographic columns were obtained from Agilent and Supelco, respectively. GC-MS analyses were performed using a Model 7890A/5975C system (Agilent, Walnut Creek, CA, USA).
Analysis of PCBs
The GC-MS method for PCBs was designed considering the fragments of each PCB in the MS scan analysis ( Table 1 ).
The parameters k* and α are governed by the conditions that affect retention or the equilibrium distribution of the analyte between the sample and the column phase, according to temperature. 23 Evaluation was therefore made of the effect of the column phase and temperature on the resolution of the PCBs. Changes in the stationary phase generally affect both k* and α, but have less effect on N. The column plate number (N) is primarily dependent on column quality and can be varied by changing the flow rate. Alteration of these conditions will not affect k* or α, as long as the types of mobile phase and stationary phase are not changed. The effect of the flow rate was studied for the optimization of N.
The retention (k*) was calculated using equation 2, 24 employing the experimental data.
, where
where t R is the band retention time, t 0 is the column dead time, V m is the column dead volume, and F is the flow rate. 24 
Extraction method
The PCBs were extracted from the Fuller's earth using a hexane and acetone solvent mixture. 25 The Fuller's earth (10.0 g) was placed into a 200 mL Erlenmeyer flask, protected from light, and three 20 mL volumes of hexane:acetone (1:1, v/v) were added to it over 10 min, under ultrasonication. After this step, cleanup of the extract was performed with Florisil, followed by concentration to around 1 mL in a rotary evaporator at 40 °C. The concentrated extract was quantitatively transferred to a 2 mL amber vial and was dried using a gentle flow of nitrogen. The residue was re-dissolved in 500 µL of n-hexane. Quantification of the PCBs in the extract was performed by GC-MS/SIM.
Quantification
The external standards graphical method was used for quantification. Triplicate injections (autosampler) of 0.80 µL of PCBs standard solution (at least five concentrations) were used to construct the analytical curves. Anomalous values were rejected statistically (Statistica 6.0 software), 26 using Huber's test. 27 The accuracy of the method was estimated by analysis of mineral oil (free from PCBs) spiked with the analytes. Extraction of the PCBs at three concentration levels (1, 10, and 20 µg kg -1 of Fuller's earth) was performed using the same procedure employed for the samples. The analytical process was performed in triplicate. The limits of quantification (LOQ, expressed as µg kg -1 ) were calculated considering a 10.0 g mass of sample. The limit of detection (LOD) was calculated as 3.3 times the value obtained by dividing the standard deviation of the blank (s) by the angular coefficient of the analytical curve (S). The limit of quantification (LOQ) was calculated as 10 times the value of s/S. 28 The samples were injected in triplicate, with the sample injections interspersed with injections of solutions of standards and solvent (n-hexane), always taking care to avoid cross-contamination.
Results and Discussion
In the first step, k* was optimized using the following temperature program: 60 °C (3 min), 10 °C min -1 to 250 °C (15 min), 5 °C min -1 to 300 °C. 25 The composition of the stationary phase was varied, using DB-5MS (5% phenyl, 95% dimethylpolysiloxane) and SupelcoWax (SWAX, poly(ethylene glycol)) columns. The temperature program was set so that k* ranged from 1.93 (3-chlorobiphenyl) to 17.1 (1,1'-biphenyl, 2,2',3,4,4',5,6,6'-octachloro), enabling the detection of 55 PCBs using the SWAX column and 67 compounds using the DB-5MS column. The detection of a greater number of compounds in the latter case was due to the similarity between the stationary phase (5% phenyl, 95% dimethylpolysiloxane) and the PCBs. Gas chromatography retention factors ranging from 3.62 to 10 .53 have been reported previously for PCB congeners (28, 52, 101, 118, 138, 153 , and 180), using three types of column. 29 The retentions were satisfactory, because the temperature adjustment led to all the bands being within a k* range of around 0.5 to 20. 24 This k* range generally avoids problems related to initial baseline disturbance. When k* > 20, excessive peak broadening and long run times are expected.
The temperature program and stationary phase are very important parameters determining the chromatographic resolution of PCBs, especially when samples contain fifty or more compounds, which can lead to poor separation and inaccurate quantification. In the present case, the best separation was achieved using the column with chemical similarity to the PCBs (DB-5MS; 30 m × 0.25 mm × 2.5 µm) and the following temperature program: 110 °C (1 min), 25 °C min -1 to 200 °C (1 min), 2 °C min -1 to 260 °C (1 min).
Once the retention and selectivity had been adjusted to improve the separation, N could be increased or decreased, without affecting k* or α. The simplest and most convenient change in column conditions was the increase in flow rate. The plate height (H) varied with the flow rate of the mobile phase, as shown in Figure 1 . The optimum flow rate was 1.4 mL min -1 , which provided higher resolution (R s = 1.6), while flow rates > 1.4 mL min -1 resulted in poorer mass spectra and lower sensitivity. The chromatographic separation was optimized using the nonpolar column (DB-5MS) and helium flow rate of 1.4 mL min -1 . Selectivity (α) optimization was achieved considering the changes in chromatographic resolution for 1,1'-biphenyl, 2,2',3-trichloro and 1,1'-biphenyl, 2,2',6-trichloro-(worse resolution), according to the temperature program.
A comparison of the performance of the method developed here and methods reported in the literature 11, 13, 25 is provided in Table 2 , considering the number of PCBs detected and the analytical response. Figure 2 shows a chromatogram of the PCBs after optimization of the parameters that influenced chromatographic resolution.
The optimization of the chromatographic parameters k*, α, and N, independent of each other, was very important for achieving the desired separation (R s > 1.5) of the PCBs, together with a satisfactory analysis time (35 min), using only a few experiments. The analysis time was similar to the time of 37 min reported by Zhang et al. 30 for the analysis of PCB congeners present in a soil matrix.
The recoveries of the PCBs from Fuller's earth were evaluated by extraction and analysis of this material spiked with the analytes. The recoveries were in the range 72-93% (Table 3) , except for 3-chlorobiphenyl and 1,1'-biphenyl, 2,2'-dichloro, which showed low recoveries (mean of 49%), probably due to their high vapor pressures. In addition, 3-chlorobiphenyl presented a low mass spectrometric response and was therefore difficult to detect using GC-MS with positive ionization.
Similar results were reported by Halfadji and Touabet, 31 who analyzed 26 PCB congeners present in spiked soil samples, using hexane and acetone as solvents, with recoveries of 84.7-117% and relative standard deviation (RSD) less than 10%. The LOD and LOQ obtained for the analysis of Fuller's earth were 0.19 and 0.64 µg kg -1 , respectively. Previous work 30 using solid phase microextraction (SPME) and GC-MS reported limits of detection of around 10 ppm for Aroclor 1260 present in fortified soil samples. Elsewhere, LOD and LOQ values in the ranges 0.03-0.27 and 0.11-0.70 µg kg -1 , respectively, were reported for the analysis of 26 PCBs by gas chromatography with electron capture detection (GC-ECD). 31 The mass spectra of the substances in the chromatograms were compared with the data available in the National Institute of Standards and Technology library (NIST, 2011). 32 The match factor values obtained are shown in Figure 3 . In this procedure, the match factor values can range from 0 (no match) to 1000 (perfect match). Values of 900 or higher are considered to indicate a very good match; between 800 and 900, a good match; between 700 and 800, a fair match; and less than 600, a very poor match. 32 The probability values found by the software were between 15 and 78%. These values consider the probability that a hit is correct, assuming that the matching compound is present in the library.
Determination of the levels of PCBs was performed in the Fuller's earth sample provided by the electricity supply company. The mean concentration for total PCBs was 1.91 µg kg -1 (Table 4 ).
Since the compounds found are considered carcinogenic and/or mutagenic, 33 the material should be treated before being released to the environment. Table 5 provides a summary of all the PCB retention times obtained using the optimized method, together with the molecular weights and formulae of the compounds. 
Conclusions
The 5% phenyl/95% dimethylpolysiloxane column stationary phase provided greater selectivity than the poly(ethylene glycol) phase, mainly due to the combination of dipole and hydrogen-bonding interactions with the PCBs, resulting in rapid separation of all 83 PCBs, without loss of resolution or broadening of later bands.
The presence of nontarget compounds in the sample could be identified by comparing the mass spectral results with data available in the NIST library.
The use of the automatic injection (0.80 µL in a split mode (1:20), injection temperature: 280 °C), DB-5MS (30 m × 0.25 mm × 0.25 µm) column (carrier gas: helium 1.40 mL min -1 ), together with an optimized temperature program (110 °C (1 min), 25 °C min -1 to 200 °C (1 min), 2 °C min -1 to 260 °C), led to greatly improved separation and selectivity in the GC-MS/SIM detection procedure, resulting in a reproducible method with a fast run time (35 min).
The method was applied in the analysis of a sample of Fuller's earth, obtaining a mean total PCBs concentration of 1.9 µg kg -1 . There is currently no legislation in Brazil concerning PCBs in Fuller's earth, so the findings indicate the need for an environmental policy for the control of these compounds in this matrix.
